The effects of water activity (aW, 0.955 to 0.970), pH (4.75 to 5.75), and storage time (up to 60 days) on toxin production by Clostridium botulinum in cooked, vacuum-packed potatoes were studied by using factorial design experiments and most-probable-number methodology. Samples were inoculated with 103, 104, or Traditionally, food microbiologists have relied on empirical data to assess the microbiological safety of a particular food. This approach is no longer practical because the food industry today is constantly developing new products with novel or modified formulations and alternative packaging strategies. This results in a great diversity of factors to be studied. There is also increased awareness that preservative factors often act in combination, giving food products complete microbiological protection at levels which individually would not be inhibitory (4, 16, 20) . It is advantageous, therefore, to develop mathematical models describing microbial growth or toxin production in a food which can include different independent variables and any interactive effects between them. The model can then be used to predict how changes in formulations or storage conditions would affect microbial growth (4, 5, 9, 10, 16) .
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Vacuum-packed cooked potatoes are commercially available in Europe and have been proposed for the North American market. Potatoes are a good substrate for growth and toxin production by Clostridium botulinum (18) and have been shown to be potentially hazardous (11, 13) . Treatment of potatoes with ascorbic and citric acids decreases the pH of the product from pH 5.9 to 6.0 to pH 5.4 to 5.8 and extends its shelf life (14) . Extended shelf life might also be obtained with a decrease in water activity (aj).
In this study, a combination of factorially designed experiments and most-probable-number (MPN) methodology was used to quantify individual and combined effects of aw, pH, and storage time on toxin production by C. botulinum in cooked, mashed, vacuum-packed potatoes. The results were then used to develop mathematical models correlating these parameters.
( Preparation and enumeration of spores. Spores from five strains each of C. botulinum type A (A6, 17A, 62A, 317121A, CK2-A) and proteolytic type B (MRB, lB-1, 13983-IIB, 368B, 426B) were prepared and enumerated as described previously (8) . These strains represent a variety of isolates including environmental isolates and isolates associated with food outbreaks. Both types A and B were used because different studies have found each type optimal for toxin production in a potato substrate (13, 18) . Before challenge, the spore suspensions were diluted with distilled water and equal spore numbers of each strain were mixed to form a single suspension containing 5 x 106 spores per ml. The suspension was stored at 4°C and used throughout. For 20 min at 75°C in a water bath, cooled in running tap water, and incubated at 25°C.
Analysis of samples. In the first experiment (50-g samples in Cryovac bags), one sample per treatment was analyzed for toxin production after 3, 7, 14, and 35 days of incubation. Treatments in the MPN experiments were analyzed after 10, 15, 20, 30, 45, and 60 days of incubation. Samples with the largest spore numbers were analyzed first (triplicate samples inoculated with 105 spores). If any were positive, the remaining dilutions were also analyzed. Once a treatment was positive for toxin, all dilutions were included at subsequent sampling times.
The Centers for Disease Control protocol (3) with slight modifications was used for toxicity testing. Samples were extracted with three volumes of gelatin-phosphate buffer (pH 6.6) (8) either by stomaching (Colworth Stomacher 500; Canadian Laboratory Supplies Ltd., Pointe Claire, Quebec) (50-g samples) or vortexing (2.5-g samples) for 1 min. The homogenate was centrifuged at 12,000 x g for 15 min. Duplicate mice per sample were injected intraperitoneally with 0.5 ml of supernatant and observed for 4 days. If only one-half of the mice died within 48 h, two additional mice were injected. Samples were considered positive for toxin if two of two or more than two of four mice died. Toxin neutralization was performed the first time a given treatment was positive. Toxin titers were determined in selected samples by injecting duplicate mice with decimal dilutions of supernatant made in gelatin-phosphate diluent.
Calculation of probability. Based on 10-fold dilutions of spore inoculum and triplicate samples, the number of toxic samples was converted to the MPN of spores able to initiate growth and produce toxin in each set of conditions. The MPN was taken from a three-tube MPN table (1) . Probability (P) of one spore to initiate growth and produce toxin was defined as P (%) = (MPN x 100)/inoculum. When not a single sample was toxic, P was taken as i0-4%.
Statistical analyses. The effects of the experimental factors on P and on the time until toxin production (lag time) were investigated by an analysis of variance with a factorial model. Multiple regression techniques were used to select the best model for predicting P and lag time. All The effect of storage time on the observed probability of toxigenesis by one C. botulinum spore at different levels of aw and pH is shown in Fig. 1 and pH all had highly significant effects (P < 0.0001) on the probability of toxigenesis. Interaction effects between aw and pH and aw and storage time on the probability of toxigenesis were also highly significant (P < 0.0001).
The effects of aw and pH on the observed probability of toxigenesis after 45 days of incubation at 25°C are shown in Fig. 2 and 3 . These results are representative of those obtained at the later sampling times. These graphical presentations indicate that the effect of aw on P is not linear but quadratic. Analysis of variance of all data showed that the quadratic term for aw was highly significant (P < 0.0001). However, the effect of pH on the probability of toxigenesis was linear.
Regression analysis. Using multiple linear regression techniques, models were derived to describe the relationship between the probability of toxigenesis and the experimental 4 variables aw, pH, and storage time. Only data for treatments showing at least one positive sample were included in the analysis. A logarithmic transformation of the probability data resulted in a better fit. The relationship between the time until first toxin production (lag time) and the variables aw and pH was determined in a similar fashion. The resulting models are presented in Table 2 . Only terms which were statistically significant by analysis of variance testing were included in the models.
Using these models, contour plots were developed to illustrate the effect of a, and pH on log P (Fig. 4) and on lag time (Fig. 5) .
A second fully randomized factorial experiment was done to verify the above results and test the predictive ability of the above models. While fewer treatments showed toxin production in trial 2, the same relationships between aw, pH, storage time, log P, and lag time were found. Only one treatment (aw = 0.965, pH 5.0) had an observed lag time shorter than the predicted lag time (45 days versus 72 days by equation 2, Table 2 ; 45 days versus 100 days by equation 3, Table 2 ). All the remaining treatments which produced toxin were correctly predicted by Fig. 5 (equation 3) . Using equation 2 resulted in predicted lag times shorter than those observed.
DISCUSSION
Many investigators have studied the effects of pH on C. botulinum. In general, as this study and many others show, inhibition of C. botulinum increases as the pH decreases from neutrality. While it is generally accepted that C. botulinum is completely inhibited at pH values below 4.6, This study is in agreement with others showing that inhibition of C. botulinum increases as the aw decreases (2, 12).
The lower limit for growth of C. botulinum is usually accepted as 0.94 (Hauschild, in press ). Studies in media (2, 12) and in foods (7) ( Table 2 ). This approach has been successfully applied by Genigeorgis and colleagues (5, 9, 10) and by Roberts Table 2 appear to be good representations of the results of trial 1. The second fully factorial trial was done to evaluate the predictive ability of the models. Results showed that the models tended to be conservative, i.e., many of the predicted lag times were shorter than the observed lag times in trial 2. There were fewer toxic samples in trial 2, but the same relationships between aw, pH, storage time, and log P were found. The fewer toxic samples in trial 2 may reflect a more efficient heating setup during preparation of the samples.
Additional data will refine the predictive models, but the present models can be used to predict the lag time until toxin production for cooked, vacuum-packed potatoes within the range of aw and pH values tested. The models which predict the shortest lag time should be used, and then a shelf life shorter than the predicted lag time should be established. For example, using Fig. 5 The present study indicates the feasibility of quantifying the effects of various parameters on bacterial growth in foodstuffs and modeling them. However, caution must be exercised in using such models. The predictive ability of these models is best near the middle of the range of conditions tested. Prediction outside the range tested is not advisable (16) . As well, it must be realized that of the many factors controlling bacterial growth in foodstuffs, only the effects of a few have been quantified and modeled, making these models very specific.
